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Identifying New Sources of Resistance to Brown Stem Rot in Soybean
Abstract
Brown stem rot (BSR), caused by the fungus Phialophora gregata f. sp. sojae (Allington & D.W. Chamberlain)
W. Gams (syn. Cadophora gregata), causes yield losses up to 38%. Three dominant BSR-resistant genes have
been identified: Rbs1, Rbs2, and Rbs3. Additional BSR resistance loci will complement breeding efforts by
expanding the soybean [Glycine max (L.) Merr.] genetic base. The objective of this research was to determine
if PI 594637, PI 594638B, PI 594650A, and PI 594858B contained novel BSR resistance genes. The
accessions were crossed to three genotypes with known BSR resistance genes and populations were developed
for allelism studies. A minimum of 60 F2:3 families tracing to individual F2 plants in each population were
used, and six seeds from each F2:3 family were tested. Resistant and susceptible controls and parents were also
included. The BSR symptoms were assessed under growth chamber conditions 5 wk after inoculation by
measuring foliar and stem severities and recovery of P. gregata from stem sections. Allelism tests of F2:3 plants
from crosses of PI 594638B, PI 594858B, and PI 594650A with the resistant sources fit a 15:1 ratio, indicating
that the resistant gene possessed by each of the PIs was nonallelic to Rbs1, Rbs2, and Rbs3. The three PIs
contain at least one novel BSR resistance gene and have the potential to serve as donors to elite germplasm,
increasing stability of host resistance to P. gregata. Allelism tests of PI 594637 segregated in a 3:1 ratio and no
significant difference was found between PI 594637 and the susceptible controls, indicating that PI 594637 is
susceptible to BSR.
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RESEARCH
Soybean yields in the northern United States are adversely affected by numerous diseases and pests including BSR caused 
by the fungus P. gregata (Harrington and McNew, 2003). When 
environmental conditions, such as cool temperatures (Allington and 
Chamberlain, 1948), favor disease development, yield losses of up 
to 38% have been reported (Bachman and Nickell, 2000). Brown 
stem rot was first identified in 1944 in central Illinois (Allington 
and Chamberlain, 1948). Since then, it has also been found in the 
majority of key soybean producing regions of the United States and 
Canada (Koenning and Wrather, 2010). In surveys conducted in 
2008, the disease was found in 68 to 73% of fields in Illinois, Iowa, 
and Minnesota (Malvick and Grunden, 2008).
Soybean plants are infected by P. gregata at the root level, after 
which the fungus colonizes the pith and vascular system, moving 
through the stem to the leaves of susceptible plants (Allington 
and Chamberlain, 1948). Two genotypes of P. gregata have been 
identified, A and B, both causing internal stem browning of the 
pith and vascular system (Gray, 1972; Harrington et al., 2003). In 
addition to stem rot, genotype A also produces leaf chlorosis and 
necrosis on infected plants. Genotype B does not produce leaf 
symptoms and is only detectable when soybean stems are split 
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at harvest and the pith and vascular system discoloration 
becomes visible (Gray, 1972; Harrington et al., 2003).
A combination of management practices, such as till-
ing and rotation with nonhost crops, reduces the amount 
of soybean residue in the field, which consequently 
reduces the survival rate of P. gregata and assists in protect-
ing soybean yields (Tabor et al., 2003). However, genetic 
resistance to BSR is the most effective tool to reduce BSR 
damage in soybeans (Bachman et al., 1997; Mengistu and 
Grau, 1987). Three independent BSR resistance genes, 
Rbs1, Rbs2, and Rbs3, have been identified, all mapping 
to chromosome 16, molecular linkage group J (Bachman 
et al., 2001; Klos et al., 2000; Lewers et al., 1999; Patzoldt 
et al., 2003; Webb, 1997). Each of the genes were iden-
tified in plant introductions (PI) of the USDA National 
Soybean Germplasm Collection (http://www.ars-grin.
gov/). Resistance at the Rbs1 locus traces to PI 84946-2 
(Chamberlain and Bernard, 1968) and the experimental 
line L78-4094 (Sebastian et al., 1985). Resistance at the 
Rbs2 locus traces to PI 437833 (Hanson et al., 1988), and 
the Rbs3 locus traces to both PI 84946-2 (Chamberlain 
and Bernard, 1968) and PI 437970 (Hanson et al., 1988). 
A resistant soybean reaction to BSR has been associated 
with the presence of a dominant allele at any of the three 
loci (Hanson et al., 1988; Willmont and Nickell, 1989). In 
addition to these three known resistance genes, other loci 
in the soybean genome may contribute to BSR resistance 
(Bachman and Nickell, 2000).
Despite the presence of BSR resistance genes, threats 
to future soybean production are still present. In breeding 
BSR-resistant soybean cultivars, the gene Rbs1 has been 
most commonly used in commercial cultivars (Tabor et 
al., 2003; Willmont and Nickell, 1989). It was first incor-
porated into line L78-4094 and later introgressed in the 
high-yielding cultivar BSR 101 (Eathington et al., 1995), 
which has become one of the most widely used donor 
sources of resistance to BSR leading to a narrow genetic 
base of BSR resistance. This narrow genetic base of resis-
tance to BSR in current soybean cultivars, in addition to 
the narrow genetic base of the soybean crop in general 
(Gizlice et al., 1994), is a cause of great concern to soybean 
breeders and producers. There are several reports of BSR 
symptoms on soybean lines containing the three known 
Rbs genes (Bachman et al., 1997; Hanson et al., 1988; 
Nelson et al., 1989). Further, possible pathogenic variabil-
ity (Phillips, 1973) and physiological specialization of the 
fungus P. gregata (Gray, 1971; Willmont and Nickell, 1989) 
have been reported. These facts reinforce the crucial need 
to identify new sources of BSR resistance to continue the 
protection of the soybean yield from this disease.
In the search for new sources of BSR resistance, Perez 
et al. (2010) evaluated four PIs from south–central China 
that had shown resistance reactions to BSR (Patzoldt et al., 
2003). In conducting the work, Perez et al. (2010) crossed 
each accession to the universal BSR susceptible cultivar 
Century 84 (Walker et al., 1986). The progenies of each 
cross were then screened for BSR resistance under growth 
chamber conditions. The resistance to P. gregata was eval-
uated using foliar disease criteria (Perez et al., 2010) in 
addition to the stem colonization screening method devel-
oped by Tabor et al. (2003).
The objective of the work reported here was to deter-
mine if the BSR resistance in the four PIs was due to novel 
BSR resistance genes. To this purpose, the four PIs (PI 
594637, PI 594638B, PI 594650A, and PI 594858B) iden-
tified by Perez et al. (2010) were crossed with the three 
known sources of BSR resistance genes to develop 12 dif-
ferent genetic study populations to conduct allelism tests. 
Three different BSR disease assessment criteria were used 
to evaluate the populations: foliar severity, stem severity, 
and recovery of P. gregata from stem segment.
MATERIALS AND METHODS
Plant Material
Twelve soybean populations were developed by crossing PI 
594637, PI 594638B, PI 594650A, and PI 594858B containing 
unknown sources of BSR resistance (Perez et al., 2010) to each 
of the three known sources of BSR resistance genes. The resis-
tant source for gene Rbs1 was L78-4094 (Sebastian and Nickell, 
1985), the source for Rbs2 was PI 437833 (Hanson et al., 1988), 
and the source for Rbs3 was PI 437970 (Hanson et al., 1988).
Population development was conducted at the Iowa State 
University research site located at the Isabela Substation, Univ. 
of Puerto Rico, Isabela, PR. Crossing blocks were planted in 
June 2009, creating F1 seed for each of the 12 populations. The 
F1 seed were planted in January 2010 and F2 seed from 10 indi-
vidual F1 plants from each cross combination were harvested. 
The individual F1 plant identification created a total of 10 
distinct subpopulations for each hybrid combination. The iden-
tities were preserved in the planting of F2 seed in June 2010. In 
October 2010, from each cross-combination, a minimum of six 
F2 plants from each of the 10 F1 plants were harvested, gener-
ating F2:3 lines. This design resulted in a minimum of 60 F2:3 
families per population to conduct the allelism test.
Growth Chamber Experiments
To assess population resistance or susceptibility to the pathogen 
P. gregata, experiments were conducted in growth chambers at 
the Agronomy Department at Iowa State University. On the 
basis of previous results (Perez et al., 2010), which suggested 
the presence of single BSR resistance genes in each of the PIs, 
and as per Sedcole (1977) calculations, 60 F2:3 families were 
needed for evaluation in each population. To ensure that at least 
60 families from each cross were represented in the tests, 75% 
germination was assumed. On this basis, a total of 80 families 
were selected and used in the growth chamber experiments. 
Germination varied among crosses; therefore, the number of 
families evaluated was different depending on the cross.
From each of the F2:3 families, six seeds were transplanted. 
For each population, six replications of the parents of the cross, 
two resistant controls, BSR 101 (Tachibana et al., 1987) and 
crop science, vol. 56, september–october 2016  www.crops.org 2289
To prepare plants for measuring stem symptoms (stem 
severity and pathogen recovery), plants were defoliated and cut 
at the soil line. Plant stems were surface sterilized by first sub-
merging in 70% ethanol for 3 min, then submerging them in 
10% sodium hypochlorite for 5 min, and finally rinsing twice 
with sterile distilled water. Plant height from the soil to the top 
of the main stem was also measured at the time of assessment 
and recorded in centimeters. To measure stem severity, plant 
stems were cut lengthwise from top to bottom. The amount of 
tissue discoloration and damage inside the vascular tissue was 
measured in centimeters upward from the inoculation point as 
indicated by Tabor et al. (2003). A plant was considered dis-
colored if there was any visible dark brown discoloration on 
the vascular tissue or the pith. The length of discoloration was 
then divided by the total plant height and multiplied by 100 to 
obtain stem severity as a percentage.
To measure recovery of P. gregata from the stem, a modifica-
tion of the procedure described by Tabor et al. (2003) was used. 
Five evenly spaced, 1-cm-long stem segments were cut from 
the plant. The first stem segment was harvested at the inocula-
tion point, the second segment was two-fifths of the way up 
the stem, the third segment was in the middle portion of the 
stem, the fourth segment was four-fifths of the way up the stem, 
and the fifth segment was the top of the plant. The five stem 
segments were plated in sequential order on green bean extract 
agar and allowed to grow in the dark at 5°C. Plates were evalu-
ated for the presence of P. gregata colonies growing around the 
stem segments at 2 and 4 wk after plating. Each plant was given 
a rating from 1 to 5, with 1 if P. gregata was only recovered 
from the inoculation point, 2 if P. gregata was recovered from the 
inoculation point and the second segment, 3 if recovered from 
the inoculation point and the next two segments, 4 if recovered 
from the inoculation point and the next three segments, and as a 
5 if P. gregata was recovered from each of the five segments. The 
average of the measurements after 2 and 4 wk of fungal growth 
was used to assess resistance and susceptibility of the plant.
Data Analyses
Following BSR disease assessment, the means for foliar sever-
ity, stem severity, and recovery of P. gregata were calculated 
for each F2:3 family using PROC MEANS of SAS v. 9.1 (SAS 
Institute, 2003). The CONTRAST statement in PROC GLM 
was used to compare each F2:3 family with the resistant and sus-
ceptible standards. All terms, F2:3 family and plants per family, 
were treated as random in the model. Lines were declared resis-
tant or susceptible if they were not significantly different from 
the resistant or susceptible standards, respectively (Eathington 
et al., 1995; Nelson et al., 1989). Histograms in Supplemen-
tal Figure S1 depict the cutoff used for determining resistance 
or susceptibility for each disease assessment criteria in each 
of the 12 populations. Lines that were significantly different 
from both the resistant and susceptible standards were classi-
fied as intermediate (Chen et al., 2001). Tabor et al. (2003) had 
observed that even resistant cultivars exhibit some BSR symp-
toms, and these intermediate symptoms could be interpreted 
as incomplete resistance to P. gregata. Intermediate phenotypes 
not as resistant as the resistant class but superior in resistance to 
the susceptible class and susceptible controls were also identi-
fied in the present study, also indicating incomplete resistance. 
‘IA 1006’ (Fehr, 2010), and two susceptible controls, ‘Corsoy 
79’ (Bernard and Cremeens, 1988) and PI 437654 (http://
www.ars-grin.gov/), were also included in the experiments. To 
ensure adequate numbers of individual plants per population, 
seeds were sown in germination paper before transplanting into 
potting media in the growth chamber.
Seeds were germinated on germination paper following 
Burris and Fehr’s (1971) method Number 8. Paper rolls were 
placed in a 62.45-L (66 quart), clear plastic container with 1.5 
cm of water. The container was sealed with a plastic lid and 
stored in the lab at 19°C under 16 h of fluorescent and incan-
descent light per day. One week after sowing in germination 
paper, the germinated seedlings were transplanted into 3.8 by 
21 cm cone-tainers (Stuewe and Sons) in a randomized com-
plete block design in the growth chamber. Each seedling was 
planted in a separate cone-tainer with Metro-Mix 900 (Sun 
Grow Horticulture) potting soil formulated with bark, Cana-
dian Sphagnum peat moss, perlite, starter nutrient charge with 
Gypsum and slow-release N, and dolomitic limestone. The 
temperature in the growth chamber was set to a constant 19 ± 
1.5°C with a photoperiod of 16 h of light per day provided by 
fluorescent and incandescent light bulbs.
Inoculation Protocol
Two-week-old plants were inoculated with P. gregata following 
the protocol described by Perez et al. (2010), which was a modi-
fication of the protocol described by Tabor et al. (2003). The 
P. gregata isolate used for all inoculations, Oh2–3, was derived 
from the same isolates used in Tabor et al. (2003). Isolate Oh2–3 
(Lewers et al., 1999) is a single-spore isolate of Oh2 (Eathing-
ton et al., 1995) provided by Cecil Nickell at the University of 
Illinois. This isolate was chosen because it is well characterized 
and has the ability to consistently produce both stem and foliar 
symptoms under growth chamber conditions. The cultures 
were grown on green bean extract medium containing 35 g L−1 
of ground frozen Phaseolus vulgaris L. green pods, 20 g L−1 of 
bacto agar (Becton, Dickinson and Company), and 50 mg L−1 
of ampicillin (Sigma-Aldrich Corp.). Cultures were incubated 
for 60 d at room temperature and ambient light.
Spores were harvested from the green bean agar plates 
by washing the surface with sterile distilled water and gently 
scraping the cultures with a spatula. Spore concentration was 
determined with a hemocytometer. Spores were suspended in 
a 1.2% water agar paste to obtain a final spore concentration of 
2.7 ´ 107 spores mL−1. Approximately 20 mL of the suspension 
was injected into the soybean stems 2 cm above the soil line 
with an 18 gauge needle. Soil in cone-tainers was kept moist by 
watering the pots daily until saturation. Plants were fertilized 
with a 24-8-16 fertilizer mixture on a weekly basis.
Disease Severity Assays
Brown stem rot severity was assessed 5 wk after inoculation at 
plant growth stages V4 through V5 (Fehr and Caviness, 1977) 
based on three measurements: foliar severity, stem severity, and 
stem recovery of P. gregata. The BSR foliar severity was assessed 
on each plant using a severity scale (Perez et al., 2010) from 1 to 
7 (Fig. 1), where 1 represents the most infected. Perez et al. (2010) 
referred to the rating of foliar symptoms as vigor; here we will 
define the expression of BSR foliar symptoms as foliar severity.
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Therefore, in this study the resistant and intermediate catego-
ries were pooled together for the analysis (Chen et al., 2001).
Using the two categories of resistant–intermediate counts 
and susceptible counts, a Chi-square test was applied to each 
population to determine the goodness of fit of the observed 
segregation ratios to the expected genetic ratios. Theoretical 
inheritance ratios were tested for the one-gene hypothesis of 
3:1 (resistant/susceptible), the two gene hypothesis 15:1 (resis-
tant/susceptible), and the dominant and resistant epistatic two 
gene hypothesis 13:3 (resistant/susceptible). Based on segre-
gation ratios, we hypothesized four scenarios: (i) if the PI of 
interest contained a novel gene, the segregation ratio of 15:1 
(resistant/susceptible) would be seen in crosses between the PI 
and L78-4094 (Rbs1), PI 437833 (Rbs2), and PI 437970 (Rbs3); 
(ii) if the PI of interest contained one of the known BSR resis-
tance genes, then no segregation would be seen when crossed 
to one of the three lines confirming that the gene in the PI 
is allelic to that known gene, and a 15:1 (resistant/susceptible) 
ratio would be seen with progeny from crosses with the other 
two nonallelic genes; (iii) if the PI of interest contained a reces-
sive resistance gene, the segregation ratio of 13:3 (resistant/
susceptible) would be seen in crosses between the PI and Rbs1, 
Rbs2, and Rbs3; (iv) if the progeny showed a good fit to a ratio 
of 3:1 (resistant/susceptible), which is expected for a single-gene 
segregation, the PI in question was susceptible.
To determine if there was redundancy between the three 
measurements for disease screening, phenotypic rank correla-
tions were computed for lines in each of the 12 populations using 
a Spearman rank correlation analysis. The three disease assess-
ment criteria were used as variables in the correlation analysis. 
The mean performances of the F2:3 families were ranked from the 
most resistant to most susceptible for each of the three phenotypic 
measurements. PROC CORR of SAS v. 9.1 was used to conduct 
the Spearman rank analysis to determine if there were significant 
correlations between foliar severity and stem severity, foliar sever-
ity and recovery of P. gregata, as well as correlations between stem 
severity and recovery of P. gregata in each population.
Marker Analysis
Previous work by Perez et al. (2010) tested for an association 
between the four PIs and the previously identified BSR loci. 
Using two markers from chromosome 16, Perez et al. (2010) 
reported a significant association between the markers and BSR 
resistance in PI 594638B, PI 594650A, and PI 594858B. To con-
firm this finding, we evaluated individuals from 595 available 
F2:3 families in the L78-4094 (Rbs1) ´ PI 594650A popula-
tion with simple-sequence repeat (SSRs) markers spanning the 
length of chromosome 16 (linkage group J, 12–90 cM).
One week after infection with P. gregata, using the above 
protocol, the first trifoliate was collected from one plant in each 
Fig. 1. Visual assessment scale of brown stem rot severity in soybean plants 5 wk after inoculation. A score of 1 was assigned if the 
plant was dead, 2 if the stem was green and had no leaves, 3 indicated predominantly chlorotic and necrotic leaves, 4 indicated some 
stunting with mosaic chlorosis and necrosis on leaves, 5 if the plant had normal leaf area with some leaves showing yellowing, 6 the plant 
appeared small but healthy, and 7 the plant appeared healthy and normal in height.
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that the resistance gene in PI 594638B was not similar to 
Rbs1. When stem severity was used to assess BSR resis-
tance in this cross, the F2:3 progeny did not deviate from 
a ratio of 13:3. This ratio suggested resistance measured 
by stem severity was due to the interaction of a dominant 
and a recessive resistance gene, in contradiction with the 
ratios obtained from the foliar severity and recovery of P. 
gregata measurements.
There are several explanations for the contradictory 
13:3 ratio results obtained with the stem severity mea-
surement. Sebastian et al. (1985) found that even under 
controlled greenhouse conditions, heritability of foliar 
symptoms was two to three times greater than heritability 
of stem symptoms. Resistance to BSR decreases both the 
height and intensity of discoloration in the stem. Because 
the stem severity measurement only quantifies the height 
of discoloration, the overall complexity of the stem symp-
toms is not reflected. This may lead to a high rate of error 
in quantifying stem severity, which consequently leads to 
a low heritability and an overestimation of the number of 
susceptible plants. Further, Tabor et al. (2001) reported 
that infected plants can be heavily colonized by P. gregata 
with little detectable stem browning, leading to the mis-
classification of resistant and susceptible plants. Together, 
these findings suggest that stem severity may be a poor 
indicator of colonization by P. gregata.
In genetic populations from PI 437833 (Rbs2) ´ PI 
594638B and PI 437970 (Rbs3) ´ 594638B, the progeny 
did not deviate from a ratio of 15:1 with any of the three 
disease assessment criteria (Table 2). This provided evi-
dence that the resistance gene in PI 594638B was dissimi-
lar to Rbs2 and Rbs3. Genetic analysis conducted with PI 
of the 595 F2:3 families in the L78-4094 (Rbs1) ´ PI 594680A 
population. Tissue was flash frozen in liquid nitrogen and 
stored at −80°C. Flash frozen tissue was ground with a mortar 
and pestle in liquid nitrogen. A Qiagen DNeasy Plant Mini Kit 
(Qiagen) was used to extract DNA following the manufactur-
er’s recommended protocol. Five weeks postinoculation, foliar 
and stem severity ratings were taken. Plants were scored resis-
tant or susceptible based on their relationship to the resistant 
controls, BSR 101 and IA 1006, and the susceptible controls, 
Corsoy 79 and PI 437654.
Nineteen SSR markers from chromosome 16 were tested 
for polymorphism against the parents L78-4094 and PI 594650A 
(Supplemental Table S2). Markers were amplified using poly-
merase chain reaction (PCR) and the PCR product was run on 
a 3% agarose gel with ethidium bromide. Bands were visualized 
under ultraviolet light. The seven markers that were polymor-
phic between the parents were then screened against DNA from 
each of the 595 F2:3 families. Using PROC CORR of SAS v. 
9.1, single-factor ANOVA tests were performed to detect asso-
ciations between the SSR markers and BSR resistance.
RESULTS AND DISCUSSION
Some degree of BSR symptoms were observed on all lines 
tested, which is expected, as resistance to BSR is incomplete 
as mentioned previously (Tabor et al., 2003). Foliar sever-
ity was most severe on the susceptible control lines Corsoy 
79 and PI 437654, with average foliar severity ratings of 4.4 
and 3.0, respectively (Table 1). High foliar severity ratings, 
indicating a more resistant reaction, were observed on the 
resistant controls of BSR 101 and IA 1006, with average 
foliar severity ratings of 5.2 and 5.4, respectively.
Brown stem rot stem symptoms, with both stem 
severity and recovery of P. gregata measurements, were 
more severe in the susceptible controls than the resistant 
controls. The resistant controls had low stem severity and 
recovery of P. gregata ratings, indicating a resistant reac-
tion (Table 1). Because the control lines had appropriate 
BSR phenotypic reactions, this gave reliability to the phe-
notypic reactions of the F2:3 progeny.
Even though the Oh2 isolate has been in continuous 
culture since the 1970s (Eathington et al., 1995; Hughes 
and Grau, 2010), control lines behaved appropriately when 
inoculated, indicating that Oh2–3 is virulent under growth 
chamber conditions. Although little genetic variation has 
been found in the north–central population of P. gregata 
(Harrington et al., 2003), the need to expand the results 
requires characterization of these lines with other P. gre-
gata isolates. Research is in progress to determine resis-
tance reactions to other isolates of P. gregata.
PI 594638B Allelism Tests
After inoculation with P. gregata, the F2:3 progeny of the 
cross L78-4094 (Rbs1) ´ PI 594638B did not deviate from 
a ratio of 15:1 for both foliar severity and recovery of P. 
gregata disease assessment criteria (Table 2). This indicated 
Table 1. Brown stem rot severity means of control plants and 
parents of genetic crosses. Lines were rated for foliar sever-
ity, stem severity, and recovery of Phialophora gregata.
Genotype
Foliar  
severity†
Stem  
severity‡
Recovery of  
P. gregata§
Corsoy 79 (S) 4.4e¶ 36.5cd 3.8ab
PI 437654 (S) 3.0f 58.2a 3.9ab
BSR 101 (R) 5.2ab 34.4d 3.3cd
IA 1006 (R) 5.4a 35.2d 2.8e
L78-4094 (Rbs1) 4.8cde 36.1cd 3.0cde
PI 437833 (Rbs2) 5.3ab 41.6bcd 4.0a
PI 437970 (Rbs3) 5.1abc 40.2bcd 2.7e
PI 594637 4.7de 46.4b 3.5bc
PI 594638B 4.9bcd 23.7e 3.0de
PI 594650A 5.5a 42.9bc 2.2f
PI 594858B 5.3ab 45.4b 3.5bc
† Foliar severity is measured on a scale of 1 to 7 where 1 represents the most infected. 
‡ Stem severity is amount of internal stem browning divided by total plant height 
multiplied by 100 to obtain a percentage. 
§ Recovery of P. gregata measured on a scale of 1 to 5 where 1 represents recov-
ery of the fungus from the inoculation point only and 5 represents recovery of the 
fungus from the entire plant stem.
¶ Means followed by the same letter in a column are not significantly different (P < 
0.05; LSD).
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594638B indicated nonallelism with Rbs1, Rbs2, and Rbs3, 
indicating that PI 594638B contains a new resistance allele 
or gene to this pathogen.
PI 594650A Allelism Tests
The F2:3 progeny of the crosses L78-4094 (Rbs1) ´ PI 
594650A and PI 437970 (Rbs3) ´ PI 594650A did not 
deviate from a ratio of 15:1 for both foliar severity and 
recovery of P. gregata disease assessment criteria (Table 3), 
which indicated that the resistance gene in PI 594650A 
was not similar to Rbs1 and Rbs3. When evaluated for 
stem severity, the F2:3 progeny from the cross of L78-
4094 (Rbs1) ´ PI 594650A did not deviate from a ratio 
of 13:3, and the F2:3 progeny from the PI 437970 (Rbs3) 
´ PI 594650A population did not deviate from a 13:3 or 
3:1 ratio. The fit to the 3:1 ratio, as evaluated by the Chi-
square test, was better (P = 0.74) than for the 13:3 ratio 
(P = 0.30). These ratios suggest resistance, as measured by 
stem severity, was due to the interaction of a dominant 
and a recessive resistance gene (13:3 ratio) or single-gene 
segregation (3:1 ratio). As mentioned, stem severity is a 
poor indicator of colonization by P. gregata. This may lead 
to the misclassification of resistant and susceptible plants 
and consequently fitting incorrect ratios.
When inoculated with P. gregata, the progeny from 
the cross PI 437833 (Rbs2) ´ PI 594650A did not deviate 
from a ratio of 15:1 for all three disease assessment crite-
ria (Table 3). This indicated that the resistance gene in 
PI 594650A was also dissimilar to Rbs2. Because genetic 
analysis conducted with PI 594650A indicated nonallelism 
with Rbs1, Rbs2, and Rbs3, it is concluded that PI 594650A 
contains a new resistance allele or gene for BSR resistance.
PI 594858B Allelism Tests
When inoculated with P. gregata, the F2:3 progeny in all 
crosses containing PI 594858B did not deviate from a ratio 
of 15:1 for the foliar severity disease assessment criteria 
(Table 4). This indicated that the resistance gene in PI 
594858B was dissimilar to Rbs1, Rbs2, and Rbs3. How-
ever, stem disease severity measurements did not follow 
this trend. Stem disease severity measurements for all 
crosses containing PI 594858B did not deviate from either 
a 3:1 ratio, which indicated a susceptible reaction, or a 13:3 
ratio, which indicated one dominant and one recessive 
gene are controlling resistance in the population. When 
rating stem symptoms, Perez et al. (2010) also found a 
higher number of susceptible progeny in PI 594858B.
To differentiate between a 3:1 ratio and 13:3 ratio, 
larger population sizes, ~800 to 900 observations, would be 
required (Hanson, 1959). Further studies will be needed to 
resolve the allelic nature of PI 594858B. However, since leaf 
symptoms are more reliable in screening for resistance than 
stem symptoms (Harrington et al., 2003; Sebastian et al., 
1985), we hypothesize that the mechanism of resistance in PI 
594858B is probably novel as indicated by the foliar severity 
measurement. It is also possible that PI 594858B is express-
ing different mechanisms of resistance for leaf and stem 
symptoms (Waller et al., 1991). In this model, leaf symp-
toms are controlled by one dominant resistance gene and 
stem symptoms are controlled by dominant and recessive 
epistasis, where the dominant allele masks the expression of 
both the alleles at a second locus, and a recessive allele masks 
expression of alleles at the first locus also resulting in a resis-
tant phenotype. Bachman and Nickell (2000) have also pro-
posed a genetic model for BSR resistance, where resistance 
results from the epistatic interaction between pairs of loci.
Table 2. Segregation ratios for F2:3 plants of three populations screened for brown stem rot reaction. The three populations 
consisted of PI 594638B crossed to L78-4094 (Rbs1), PI 437833 (Rbs2), and PI 437970 (Rbs3). Lines were declared resistant 
(R), susceptible (S), or intermediate (I) for foliar severity, stem severity, and recovery of Phialophora gregata. For the Chi-square 
analysis, R and I classes were pooled together. The expected segregation ratios of 15:1 (R/S) for two genes, 3:1 (R/S) for one 
gene, and 13:3 (R/S) for one dominant and one recessive gene were tested.
Cross or allelism test
Disease assessment  
criteria
Observed plant ratios† Ratio  
tested c2 value P-valueR I S
Rbs1 gene
 L78-4094 ´ PI 594638B Foliar severity 48 23 6 15:1 0.31 0.58
 L78-4094 ´ PI 594638B Stem severity 8 57 12 13:3 0.51 0.48
 L78-4094 ´ PI 594638B Recovery of P. gregata 17 58 2 15:1 1.75 0.19
Rbs2 gene
 PI 437833 ´ PI 594638B Foliar severity 48 15 8 15:1 3.05 0.08
 PI 437833 ´ PI 594638B Stem severity 8 55 8 15:1 3.05 0.08
 PI 437833 ´ PI 594638B Recovery of P. gregata 10 58 3 15:1 0.50 0.48
Rbs3 gene
 PI 437970 ´ PI 594638B Foliar severity 72 2 2 15:1 1.70 0.19
 PI 437970 ´ PI 594638B Stem severity 13 60 3 15:1 0.69 0.41
 PI 437970 ´ PI 594638B Recovery of P. gregata 32 42 2 15:1 1.70 0.19
† Lines were classified as resistant (R) or susceptible (S) if not significantly different from the resistant or susceptible standards, respectively. Lines were classified as inter-
mediate (I) if significantly different from both the resistant and susceptible standards.
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PI 594637 Allelism Tests
Foliar severity ratings of the F2:3 progeny from the genetic 
population L78-4094 (Rbs1) ´ PI 594637 did not fit any 
genetic ratio tested (Table 5). The genetic population PI 
437833 (Rbs2) ´ PI 594637 did not deviate from the two-
gene ratio of 15:1 for the recovery of P. gregata measure-
ment. The remaining seven Chi-square tests conducted 
with PI 5494637 did not deviate from both the single-gene 
segregation ratio (3:1) and the dominant–recessive epistatic 
segregation ratio (13:3). Segregation ratios for populations 
containing PI 594637 were not consistent, and many ratios 
did not deviate from a 3:1 ratio, which indicated that PI 
594637 was susceptible.
These results are consistent with those of Perez et al. 
(2010) who noticed that PI 594637 had greater susceptibil-
ity to BSR and was not statistically different from Century 
Table 3. Segregation ratios for F2:3 plants of three populations screened for brown stem rot reaction. The three populations 
consisted of PI 594650A crossed to L78-4094 (Rbs1), PI 437833 (Rbs2), and PI 437970 (Rbs3). Lines were declared resistant (R), 
susceptible (S), or intermediate (I) for foliar severity, stem severity, and recovery of Phialophora gregata. For the Chi-square 
analysis, R and I classes were pooled together. The expected segregation ratios of 15:1 (R/S) for two genes, 3:1 (R/S) for one 
gene, and 13:3 (R/S) for one dominant and one recessive gene were tested.
Cross or allelism test
Disease assessment  
criteria
Observed plant ratios† Ratio  
tested c2 value P-valueR I S
Rbs1 gene
 L78-4094 ´ PI 594650A Foliar severity 59 11 7 15:1 1.06 0.30
 L78-4094 ´ PI 594650A Stem severity 8 60 9 13:3 2.52 0.11
 L78-4094 ´ PI 594650A Recovery of P. gregata 16 55 6 15:1 0.31 0.58
Rbs2 gene
 PI 437833 ´ PI 594650A Foliar severity 12 58 7 15:1 1.06 0.30
 PI 437833 ´ PI 594650A Stem severity 11 60 6 15:1 0.31 0.58
 PI 437833 ´ PI 594650A Recovery of P. gregata 25 48 4 15:1 0.15 0.70
Rbs3 gene
 PI 437970 ´ PI 594650A Foliar severity 57 17 3 15:1 0.73 0.39
 PI 437970 ´ PI 594650A Stem severity 3 56 18 13:3 1.08 0.30
3:1 0.11 0.74
 PI 437970 ´ PI 594650A Recovery of P. gregata 20 49 8 15:1 2.25 0.13
† Lines were classified as resistant (R) or susceptible (S) if not significantly different from the resistant or susceptible standards, respectively. Lines were classified as inter-
mediate (I) if significantly different from both the resistant and susceptible standards.
Table 4. Segregation ratios for F2:3 plants of three populations screened for brown stem rot reaction. The three populations 
consisted of PI 594858B crossed to L78-4094 (Rbs1), PI 437833 (Rbs2), and PI 437970 (Rbs3). Lines were declared resistant 
(R), susceptible (S), or intermediate (I) for foliar severity, stem severity, and recovery of Phialophora gregata. For the Chi-square 
analysis, R and I classes were pooled together. The expected segregation ratios of 15:1 (R/S) for two genes, 3:1 (R/S) for one 
gene, and 13:3 (R/S) for one dominant and one recessive gene were tested.
Cross or allelism test
Disease assessment  
criteria
Observed plant ratios† Ratio  
tested c2 value P-valueR I S
Rbs1 gene
 L78-4094 ´ PI 594858B Foliar severity 60 10 4 15:1 0.90 0.76
 L78-4094 ´ PI 594858B Stem severity 10 51 13 13:3 0.07 0.79
3:1 2.18 0.14
 L78-4094 ´ PI 594858B Recovery of P. gregata 14 49 11 13:3 0.73 0.39
Rbs2 gene
 PI 437833 ´ PI 594858B Foliar severity 52 15 6 15:1 0.48 0.49
 PI 437833 ´ PI 594858B Stem severity 8 56 9 13:3 1.98 0.16
 PI 437833 ´ PI 594858B Recovery of P. gregata 22 40 11 13:3 0.65 0.42
3:1 3.84 0.05
Rbs3 gene
 PI 437970 ´ PI 594858B Foliar Severity 63 3 2 15:1 1.27 0.26
 PI 437970 ´ PI 594858B Stem Severity 2 51 15 13:3 0.49 0.48
3:1 0.31 0.58
 PI 437970 ´ PI 594858B Recovery of P. gregata 16 34 18 13:3 2.67 0.10
3:1 0.08 0.78
† Lines were classified as resistant (R) or susceptible (S) if not significantly different from the resistant or susceptible standards, respectively. Lines were classified as inter-
mediate (I) if significantly different from both the resistant and susceptible standards.
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84, the susceptible control. Although PI 594637 was chosen 
as a resistant parent based on a previous screening (Patzoldt 
et al., 2003), the screening in this research of both the line 
(Table 1) as well as the F2:3 population (Table 5) indicate 
that PI 594637 is susceptible to BSR and does not contain 
a novel resistance allele or gene to this pathogen.
Marker Analysis
Segregation ratios based on phenotypic data indicated that PI 
594638B, PI 594858B, and PI 594650A may contain a novel 
resistance allele or gene to P. gregata. Genotyping by single-
marker analysis was conducted on the L78-4094 (Rbs1) ´ 
PI 594650A population (Supplemental Table S1). The pop-
ulation derived from Rbs1 ´ PI 594650A was chosen for 
marker analysis because it was the largest population avail-
able, allowing for greater statistical power and because Rbs1 
is the main source of resistance used in soybean breeding 
programs (Tabor et al., 2003; Willmont and Nickell, 1989).
Previously Perez et al. (2010) tested four resistant ´ 
susceptible populations, derived from PI 594638B, PI 
594858B, PI 594637, and PI 594650A and the susceptible 
cultivar Century 84, for an association with two markers 
from the BSR loci on chromosome 16. Marker Satt547 
was significantly associated with BSR resistance in pop-
ulations PI 594638B ´ Century 84 and PI 594858B ´ 
Century 84, with R2 values ranging 25 to 48%. There-
fore, we screened seven polymorphic SSR markers span-
ning chromosome 16 on 595 F2:3 lines in the population. 
Like Perez et al. (2010), we also identified a significant 
association with Satt547 (P < .0001); however, this marker 
only explained 5% of the phenotypic variation in stems. 
For foliar severity, this marker was not significant. In addi-
tion, a significant association was found between foliar 
severity and one SSR marker on chromosome 16, Satt621 
(P = 0.021). However, this marker only explains 1.3% of 
the phenotypic variation (R2 = 0.013). A significant asso-
ciation was also found between stem severity and four of 
the SSR markers on chromosome 16. The R2 values were 
low, ranging from 1.2 to 5%.
Differences between the findings of these studies could 
be due to differences in genetic backgrounds, environ-
ments, and evaluation methods. Environmental and geno-
typic effects can alter disease severity. While both groups 
found similar average foliar disease scores (5.15 in Perez et 
al. (2010) and 5.6 here), different parameters were used for 
assessing disease severity in the stems. Further, testing of 
multiple markers spanning the length of chromosome 16 
with similar results validate our findings. Our analyses sug-
gest there may be a small effect gene at the Rbs locus; how-
ever, the main resistance gene in PI 594650A is not located 
on chromosome 16. Future mapping studies will determine 
the exact location of BSR disease resistance genes in PI 
594650A and the other lines tested in this study.
Determination of Appropriate Brown Stem 
Rot Screening Methods
Brown stem rot resistance is expressed in both the stems 
and leaves of susceptible soybean cultivars (Tabor et al., 
Table 5. Segregation ratios for F2:3 plants of three populations screened for brown stem rot reaction. The three populations 
consisted of PI 594637 crossed to L78-4094 (Rbs1), PI 437833 (Rbs2), and PI 437970 (Rbs3). Lines were declared resistant (R), 
susceptible (S), or intermediate (I) for foliar severity, stem severity, and recovery of Phialophora gregata. For the Chi-square 
analysis, R and I classes were pooled together. The expected segregation ratios of 15:1 (R/S) for two genes, 3:1 (R/S) for one 
gene, and 13:3 (R/S) for one dominant and one recessive gene were tested.
Cross or allelism test
Disease assessment  
criteria
Observed plant ratios† Ratio  
tested c2 value P-valueR I S
Rbs1 gene
 L78-4094 ´ PI 594637 Foliar severity 27 18 27 3:1 6.00 0.01
 L78-4094 ´ PI 594637 Stem severity 3 55 14 13:3 0.02 0.88
3:1 1.19 0.28
 L78-4094 ´ PI 594637 Recovery of P. gregata 4 58 10 13:3 1.12 0.29
Rbs2 gene
 PI 437833 ´ PI 594637 Foliar severity 21 41 18 13:3 0.74 0.39
3:1 0.27 0.61
 PI 437833 ´ PI 594637 Stem severity 4 57 19 13:3 1.32 0.25
3:1 0.07 0.8
 PI 437833 ´ PI 594637 Recovery of P. gregata 2 72 6 15:1 0.21 0.64
Rbs3 gene
 PI 437970 ´ PI 594637 Foliar severity 40 21 13 13:3 0.07 0.79
3:1 2.18 0.14
 PI 437970 ´ PI 594637 Stem severity 8 50 16 13:3 0.40 0.53
3:1 0.45 0.50
 PI 437970 ´ PI 594637 Recovery of P. gregata 11 42 21 3:1 0.45 0.50
† Lines were classified as resistant (R) or susceptible (S) if not significantly different from the resistant or susceptible standards, respectively. Lines were classified as inter-
mediate (I) if significantly different from both the resistant and susceptible standards.
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2003). Therefore, one foliar measurement (foliar severity) 
and two stem measurements (stem severity and recovery 
of P. gregata) were used to determine plant resistance or 
susceptibility. A Spearman-rank correlation analysis was 
conducted with each population to determine if there was 
redundancy between the three measurements for disease 
screening and the corresponding classification as resistant 
or susceptible genotypes (Table 6). The two stem mea-
surements were found to be positively correlated in all 
populations tested. The foliar measurement had a higher 
correlation with the recovery of P. gregata measurement 
than with the stem severity measurement (Table 6). The 
findings are consistent with those of Tabor et al. (2003), 
who noted that stem discoloration was frequently absent 
even in stems that were heavily colonized by P. gregata. 
Therefore, based on the results of this study, measuring 
stem symptoms by the recovery of P. gregata measurement 
appears to be more reliable than measuring internal stem 
discoloration. It is also worth noting that the foliar sever-
ity measurement was not strongly correlated to either stem 
measurement. If there were a toxin produced by P. gregata 
causing leaf necrosis and chlorosis, as has been previously 
suggested (Gray and Chamberlain, 1975; Kobayashi and 
Ui, 1977), stem measurements would not account for the 
damage caused by the toxin. Therefore, for the most accu-
rate characterization of soybean resistance or susceptibil-
ity, both foliar severity and recovery of P. gregata measure-
ments need to be recorded.
CONCLUSIONS
Through this experiment, PI 594638B and PI 594650A 
were identified as potentially containing a novel resis-
tance allele or gene to P. gregata on the basis of the 15:1 
segregation ratio obtained when the PIs were crossed to the 
three known sources of BSR resistance (Rbs1, Rbs2, and 
Rbs3). Because of the discrepancies of segregation ratios 
found in crosses with PI 594858B, it was determined that 
PI 594858B could contain a novel source of resistance or 
it could be expressing one mechanism of resistance for leaf 
symptoms and a different one for stem symptoms. Single 
marker analysis using the L78-4094 (Rbs1) ´ PI 594650A 
population revealed that there may be a gene with a small 
effect at the Rbs locus on chromosome 16, while the main 
novel resistance gene is located elsewhere in the soybean 
genome. Additional studies will be need to fine map the 
location of the novel genes. The new sources of resistance 
identified have the potential to serve as donor genes or 
alternate sources of resistance in breeding for resistant elite 
germplasm, thereby increasing the stability of the soybean 
host resistance to P. gregata. This research is one of the first 
conclusive pieces of evidence that confirm that the genetic 
basis of resistance to P. gregata can be increased by intro-
ducing new sources of resistance in breeding programs.
In this study, three disease assessment criteria, foliar 
severity, stem severity, and recovery of P. gregata from 
stems of artificially inoculated soybean plants, were used 
to determine the severity of the BSR symptoms in the 
plant. The results of the Spearman-rank correlation analy-
sis indicated that accurately classifying lines as resistant or 
susceptible to P. gregata requires both foliar severity and 
stem recovery of P. gregata measurements.
Supplemental Information Available
Supplemental Figure S1. Histograms of three dis-
ease assessment criteria (foliar severity, stem severity, and 
recovery of P. gregata) in each of the 12 populations tested. 
Solid blue line indicates the cut off value for plants catego-
rized as susceptible.
Supplemental Table S1. Phenotypic means of 
genotypic classes, P-values, and R2 values for SSR markers 
on chromosome 16.
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Table 6. Spearman rank correlation analysis. Rank correla-
tion and P-value of the mean performances of lines for each 
population across three different phenotypic measurements.
Arrangements  
correlated
Rank correlation
Foliar 
severity/
stem 
severity
Foliar 
severity/
recovery of 
P. gregata
Stem 
severity/
recovery of 
P. gregata
Population
 L78-4094 ´ PI 594858B 0.174 0.272* 0.609*
 PI 437833 ´ PI 594858B 0.136 0.305* 0.561*
 PI 437970 ´ PI 594858B −0.076 -0.072 0.186
 L78-4094 ´ PI 594637 0.101 0.249* 0.267*
 PI 437833 ´ PI 594637 0.344* 0.100 0.416*
 PI 437970 ´ PI 594637 0.448* 0.621* 0.594*
 L78-4094 ´ PI 594638B 0.047 0.157 0.491*
 PI 437833 ´ PI 594638B 0.350* 0.342* 0.492*
 PI 437970 ´ PI 594638B 0.130 0.192 0.430*
 L78-4094 ´ PI 594650A 0.105 0.252 0.461*
 PI 437833 ´ PI 594650A 0.248* 0.266* 0.400*
 PI 437970 ´ PI 594650A 0.043 0.124 0.599*
* Significant at the 0.05 probability level.
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